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Bipolar spindle assembly requires force to organize
the microtubule network. Here, we show that three
motor proteins, namely Eg5, Kif15, and dynein, act
together to produce the right force balance in the
spindle. Excessive inward force results in monopolar
spindle formation, while excessive outward force
generation results in unstable spindles with splayed
spindle poles. Blocking activity of all three motors
prevents bipolar spindle formation, but established
bipolar spindles are refractory to loss of all motor
activity. Further analysis shows that although these
preformed spindles remain bipolar, outward force
generation is required to establish sufficient tension
on kinetochores and to accomplish successful chro-
mosome segregation. Together, these results show
how Eg5, Kif15, and dynein work together to build
a bipolar spindle and reveal an important role for
antagonistic motors in chromosome segregation.INTRODUCTION
The microtubule motor protein Eg5 (kinesin-5) is one of the main
drivers of bipolar spindle formation (Tanenbaum and Medema,
2010). Eg5 can crosslink microtubules into an antiparallel con-
figuration and slide them apart, thereby generating an out-
ward-directed pushing force on centrosomes (Kashina et al.,
1996; Kapitein et al., 2005). Depletion or inhibition of Eg5 activity
prevents bipolar spindle formation and arrests cells in mitosis
with unseparated centrosomes.
Eg5’s outward-directed pushing force on spindle poles can
be antagonized by minus-end-directed motors. In human cells,
as well as in Xenopus egg extracts, inhibition of the minus-
end-directed motor dynein efficiently rescues bipolar spindle
assembly in the absence of Eg5 activity, indicating that dynein
antagonizes Eg5 activity (Mitchison et al., 2005; Tanenbaum
et al., 2008, 2013; Ferenz et al., 2009; Florian and Mayer,
2012). Besides dynein, the minus-end-directed kinesin-14 can
also antagonize the activity of the kinesin-5 homolog Klp61F in
Drosophila (Sharp et al., 1999). However, it is currently unclear948 Cell Reports 8, 948–956, August 21, 2014 ª2014 The Authorswhat the relative contribution of dynein and HSET is in antago-
nizing Eg5 in human cells.
Recently, we and others identified an additional motor, kine-
sin-12 (Kif15/hklp2), that is important for bipolar spindle forma-
tion (Tanenbaum et al., 2009; Vanneste et al., 2009). While
Kif15 is not essential for bipolar spindle assembly under normal
conditions, loss of Kif15 sensitizes cells to partial loss of Eg5 ac-
tivity, suggesting that it acts in concert with Eg5 (Tanenbaum
et al., 2009; Vanneste et al., 2009). Indeed, when expressed at
high levels, Kif15 can compensate for full loss of Eg5 activity (Ta-
nenbaum et al., 2009). This suggests that Kif15 can also produce
an outward-directed force on spindle poles.
While it is clear that the abovementioned motors can coop-
erate or antagonize each other, it is debated whether the ex-
isting data support a simple ‘‘push-pull’’ model, in which the
outward-directed force generated by Eg5 and Kif15 is directly
antagonized by an inward-directed force generated by kine-
sin-14 and/or dynein (Sharp et al., 2000). Such a push-pull
model makes two predictions: (1) in the absence of all outward
and inward forces, centrosome separation should not occur and
monopolar spindles should be formed; and (2) if all outward and
inward forces are removed after bipolar spindle formation, the
spindle should remain bipolar. However, previous studies
showed that complete inhibition of both dynein and Eg5 still en-
ables bipolar spindle formation (Tanenbaum et al., 2008; Florian
and Mayer, 2012). If dynein and Eg5 are the main force genera-
tors in the spindle, this result contradicts the first prediction
stated above and argues that the push-pull model is not correct
(Florian and Mayer, 2012). However, additional force-generating
motors like Kif15 and HSET exist, but it remains unclear how
they contribute to spindle bipolarity in the absence of dynein
and Eg5.
In Xenopus egg extracts and mammalian cells, inhibition of
either dynein or Eg5 results in severe defects in spindle assembly
(Enos and Morris, 1990; Sawin et al., 1992; Hoyt et al., 1992;
Heck et al., 1993; Blangy et al., 1995; Merdes et al., 1996; Varma
et al., 2008; Raaijmakers et al., 2013). However, simultaneous
inhibition of both motors results in bipolar spindles that are func-
tional for chromosome segregation (Mitchison et al., 2005; Ta-
nenbaum et al., 2008). A similar effect has been observed for
the kinesin-14 NCD and kinesin-5 in Drosophila (Sharp et al.,
1999). Thus, it has remained unclear why antagonistic motors
exist if functional bipolar spindles can assemble in their absence.
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Figure 1. Kif15 Is Required for the Rescue of Spindle Bipolarity in the Absence of Eg5 and Dynein
(A) Experimental setup for the experiments performed in Figure 1.
(B and C) Averages of mitotic fate of U2OS cells stably expressing mCherry-a-tubulin and GFP-H2B. Cells were treated for 72 hr with control (GAPDH, B), DHC
siRNA (B), Kif15 (C), or a combination of DHC and Kif15 siRNA (C). Cells were blocked in thymidine 48 hr posttransfection. After 24 hr, cells were released from the
thymidine block. Live-cell imaging with the indicated STLC concentration started 6 hr after thymidine release. Images were acquired every 4 min.
(D) Representative images of cells with a monopolar, monoastral bipolar, and bipolar spindle. Results in (B) and (C) are averages of at least three different
experiments. Error bars represent SD. Scale bar in (D) represents 10 mm.RESULTS
Eg5, Kif15, and Dynein Produce Balanced In- and
Outward Forces Essential for Bipolar Spindle Formation
To study the antagonism between Eg5 and dynein, we used
time-lapse microscopy to film U2OS cells expressing mCherry-
a-tubulin and GFP-H2B treated with the Eg5 inhibitor S-trityl-L-
cysteine (STLC; DeBonis et al., 2004) in combination with either
control (GAPDH) or dynein heavy chain (DHC) small interfering
RNA (siRNA) (Figure 1A). Increasing concentrations of STLC in
control cells reduced the percentage of bipolar spindles (Figures
1B, 1D, and S1B; Movie S1). As shown previously, depletion of
dynein led to a variety of mitotic defects; centrosomes are not
incorporated in the spindle, spindle poles are poorly focused,and chromosome alignment is perturbed (Movie S1), leading to
a mitotic delay. However, we observed that the majority of cells
eventually entered anaphase with misaligned chromosomes
(Movie S1). This indicates that the spindle assembly checkpoint
in U2OS cells is not very effective in sensing a low number of un-
attached kinetochores (KTs). In contrast to control-depleted
cells, increasing concentrations of STLC in dynein-depleted cells
minimally affected the capacity to form bipolar spindles (Figures
1B, S1A, and S1C; Movie S1). Consistent with previous results,
the rescue of bipolar spindle assembly seen in dynein-depleted
cells is very efficient, even when all Eg5 activity is blocked (Fig-
ures 1B and S1C; 40 mM STLC; Tanenbaum et al., 2008; Florian
andMayer, 2012). Importantly,40%of the bipolar spindles that
formed in the dynein-depleted cells treated with STLC had notCell Reports 8, 948–956, August 21, 2014 ª2014 The Authors 949
separated their centrosomes but formed monoastral bipolar
spindles: a focused spindle pole on one side with one or more
centrosomes incorporated and an unfocused array of microtu-
bules (MTs) on the other side, devoid of a centrosome (Figures
1B, 1D, and S1C). Thus, dynein not only counteracts Eg5’s
function in centrosome separation but also antagonizes Eg5’s
role in centrosome-independent bipolar spindle assembly,
consistent with results in Xenopus egg extracts (Mitchison
et al., 2005). The rescue of bipolar spindle formation in cells
lacking both dynein and Eg5 is particularly noteworthy, as
cells invariably enter mitosis with unseparated centrosomes in
the absence of both motors (Raaijmakers et al., 2012; van Hees-
been et al., 2013). Our data show that despite this failure to
separate centrosomes in prophase, the majority of cells (90%)
lacking dynein and Eg5 form a bipolar spindle after nuclear
envelope breakdown, of which approximately half separate their
centrosomes.
How can centrosome separation and bipolar spindle forma-
tion occur in the absence of Eg5? Kif15 was identified as a sec-
ond motor that promotes bipolar spindle assembly (Tanenbaum
et al., 2009; Vanneste et al., 2009), and therefore we tested if
Kif15 is responsible for the rescue of spindle bipolarity in cells
lacking both Eg5 and dynein activity. Depletion of Kif15
increased the sensitivity of cells to (partial) Eg5 inhibition
(Tanenbaum et al., 2009; Figure 1C; Movie S2). Treatment
with 2 mM STLC fully blocked bipolar spindle assembly in cells
lacking Kif15, while in control cells, 30% formed bipolar spin-
dles at this concentration of STLC (Figures 1B, 1C, and S1D).
Strikingly, while dynein depletion efficiently rescued bipolar
spindle assembly in Eg5-inhibited cells, codepletion of Kif15
fully abolished bipolar spindle assembly (Figures 1B, 1C, and
S1E; Movie S2). Thus, the force generated by Kif15 is abso-
lutely required for bipolar spindle assembly in the absence of
dynein and Eg5. Conversely, bipolar spindle formation in cells
lacking dynein and Kif15 is fully dependent on Eg5, since Eg5
inhibition (>2 mM STLC) fully blocked bipolar spindle assembly
(Figures 1C and S1E). Interestingly, HSET depletion did not
rescue spindle bipolarity in cells that were treated with STLC
(Figures S2A and S2B), while our siRNA reduced HSET expres-
sion by an estimated 90% (Figure S1A), and this was sufficient
to produce a clear spindle phenotype (see below). Codepletion
of other kinesin-14 members failed to produce a clear pheno-
type (Figures S2C and S2D), indicating that the contribution
of kinesin-14 motors to inward force generation is very minimal.
Taken together, these data support a model in which Eg5 and
Kif15 generate an outward-directed force on spindle poles,
which is counteracted by an inward-directed force generated
by dynein.
In- and Outward Forces Are Dispensable for the
Maintenance of a Bipolar Spindle
Acute inhibition of Eg5 does not result in collapse of a meta-
phase spindle, while simultaneous inhibition of Kif15/Eg5
does. A three-motor push-pull model would predict that
removing the inward force in cells lacking Kif15 and Eg5 should
prevent spindle collapse. To test this, we blocked cells in
metaphase using the proteasome inhibitor MG132 and subse-
quently added a high dose (40 mM) of STLC to inhibit Eg5 activity950 Cell Reports 8, 948–956, August 21, 2014 ª2014 The Authors(see Figure 2A for experimental setup). Control cells treated with
MG132 and STLCmaintained a bipolar spindle for several hours,
consistent with previously published work. Nonetheless, spindle
collapse could be observed after a prolonged mitotic arrest (Fig-
ures 2B and 2C; Movie S3), indicating that Eg5 has a minor
contribution to spindle stability in metaphase. STLC treatment
of dynein-depleted metaphase cells failed to induce spindle
collapse (Figures 2B and 2C; Movie S3). No monoastral bipolar
spindles formed under these conditions, since these cells have
previously entered mitosis with separated centrosomes. Spin-
dles in cells depleted of Kif15 rapidly collapsed after treatment
with STLC (Figures 2B and 2C; Movie S3; Tanenbaum et al.,
2009; Vanneste et al., 2009). This clearly indicates that Kif15
generates the major outward force required for maintenance
of spindle bipolarity in the absence of Eg5 activity. Importantly,
we found that dynein depletion efficiently blocked spindle
collapse in metaphase cells lacking both Kif15 and Eg5 activity
(Figures 2B and 2C; Movie S3). This is in striking contrast to the
situation where cells enter mitosis in the absence of all three
motors, exclusively resulting in monopolar spindle formation
(Figure 1C). These results suggest that simultaneous inhibition
of Eg5, Kif15, and dynein neutralizes the force balance in the
spindle causing the spindle configuration that is established at
the moment of inhibition (monopolar or bipolar) to remain con-
stant. Interestingly, the effect produced by dynein depletion on
a metaphase spindle was nicely titratable (Figure 2D), consistent
with a push-pull model in which the outward force generated
by Eg5 and Kif15 is directly antagonized by the inward force
generated by dynein. Together, these results show that spindle
bipolarity is directly correlated to the sum of outward and inward
forces present.
Spindle Pole-Focusing Defects in Cells Lacking Dynein
Can Be Corrected by Inhibition of Eg5 or Kif15
Dynein transports K-fibers to the spindle poles in Drosophila S2
cells (Khodjakov et al., 2003; Goshima et al., 2005), and this pro-
cess contributes to spindle pole focusing. Similarly, transport of
NuMA by dynein is thought to contribute to spindle pole focusing
in Xenopus egg extracts (Merdes et al., 1996). Surprisingly, when
we inhibited Eg5 or Kif15 activity in mitotic cells lacking dynein,
spindle pole focusing was improved (Figures 3A–3C; Movie
S3). Note that spindle pole-focusing defects were not scored
in cells lacking Kif15 and Eg5 activity due to the formation of mo-
nopolar spindles). This suggests that the spindle defects
observed after dynein depletion are due to excessive outward
force. In addition, this suggests that other motor proteins might
act redundantly with dynein in spindle pole focusing. Indeed, in
line with previous results, we find slight changes in the spindle
distribution of NuMa and TPX2 in the absence of dynein,
although Kif2a localization did not seem to be affected (Figures
S3A–S3C; Merdes et al., 1996; Gaetz and Kapoor, 2004; Ma
et al., 2010). However, Eg5 inhibition can rescue spindle pole
focusing in dynein-depleted cells without rescuing the distribu-
tion of NuMa and TPX2 (Figures S3A and S3B), suggesting that
spindle pole recruitment of these factors is not required for
pole focusing under these circumstances. The minus-end-
directed motor kinesin-14 (HSET in humans) is also involved in
spindle pole focusing (Goshima et al., 2005). As expected,
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Figure 2. In- and Outward Forces Are Dispensable for Maintenance of a Bipolar Spindle
(A) Experimental setup for the experiments performed in Figures 2, 3, and 4.
(B) Quantification of mitotic timing and fate of mitotic U2OS cells stably expressing mCherry-a-tubulin and GFP-H2B. Cells were treated for 72 hr with control
(GAPDH), DHC, Kif15, or a combination of DHC and Kif15 siRNA. The cells were blocked in thymidine 48 hr posttransfection. After 24 hr, cells were released from
the thymidine block, and 8 hr later, cells were arrested inmetaphase for 1 hr using the proteasome inhibitor MG132. Cells were then treated with 40 mMSTLC, and
images were acquired every 4 min.
(C) Averages of the quantification in (B) after 1 hr of imaging.
(D) Titration of DHC siRNA in cells treated with Kif15 siRNA and 40 mMSTLC. Cells were treated as in (B), fixed after 1 hr of STLC treatment, and stained for a- and
g-tubulin. DNA was stained using DAPI.
Results from (C) and (D) are averages of at least three different experiments. Error bars represent SD.HSET depletion alone resulted in a small defect in spindle pole
focusing (Figures S3D–S3F), consistent with previous reports
(Mountain et al., 1999; Goshima et al., 2005; Kwon et al.,
2008). However, this defect could not be rescued by inhibition
of Eg5, suggesting that the focusing defects observed in
HSET-depleted cells are not due to an imbalance in forces (Fig-
ures S3D–S3F). Double depletion of HSET and dynein resulted in
slightly more severe spindle pole-focusing defects than deple-
tion of dynein alone, indicating that dynein and HSET cooperate
in spindle pole focusing. Furthermore, pole focusing in the
absence of both dynein and HSET could not be rescued by
Eg5 inhibition (Figure S3F). These results show that efficientpole focusing is dependent on a correct balance of inward and
outward forces but that at least some inward force is required,
even if outward forces are low.
A Correct Force Balance in the Spindle Is Required for
Chromosome Alignment and Segregation
Surprisingly, chromosome alignment defects observed after
dynein depletion were also partially rescued by inhibition of
Eg5 (Figure 4A). This suggests that chromosome alignment de-
fects after dynein depletion are, at least in part, secondary to de-
fects in spindle morphology. However, inhibition of Eg5 in cells
lacking both dynein and Kif15 failed to rescue chromosomeCell Reports 8, 948–956, August 21, 2014 ª2014 The Authors 951
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Figure 3. Spindle Pole Focusing in the Absence of Dynein Can Be Alleviated by Inhibition of Eg5 or Kif15
(A) Representative stills of mitotic spindles in U2OS cells stably expressing mCherry-a-tubulin and GFP-H2B. Cells were treated for 72 hr with control (GAPDH),
DHC, Kif15, or a combination of DHC and Kif15 siRNA. The cells were blocked in thymidine 48 hr posttransfection. After 24 hr, cells were released from the
thymidine block, and 8 hr later, cells were arrested in metaphase for 1 hr using MG132. Cells were then treated with DMSO or 40 mM STLC and imaged were
acquired every 4min. Note the loss of centrosome incorporation in dynein-depleted cells and the reincorporation of centrosomes after addition of STLC in dynein-
depleted cells.
(B) Representative images of U2OS cells transfected with the indicated siRNAs and treated with MG132 to arrest the cells in metaphase for 1 hr. Cells were then
treated for 1 hr with either MG132 or MG132/40 mM STLC. Cells were fixed and stained for a- and g-tubulin. DNA was stained using DAPI. Arrowheads mark the
centrosomes.
(C) Quantification of the spindle focusing defects from the cells in (B). Note that spindle pole-focusing defects were not scored in cells lacking Kif15 and Eg5
activity due to the formation of monopolar spindles. Error bars represent SD. Results in (C) are averages of at least three different experiments.
Scale bar in (A) and (B) represents 10 mm.alignment (Figure 4A), despite the fact that spindle pole focusing
was partially restored (Figure 3C). Thus, chromosome alignment
is perturbed in the absence of Eg5, Kif15 and dynein, even
though the forces appear to be in balance.952 Cell Reports 8, 948–956, August 21, 2014 ª2014 The AuthorsTo better understand why chromosome alignment was per-
turbed in the absence of Eg5, Kif15 and dynein, we performed
detailed analysis of kinetochore-MT (KT-MT) attachments. We
confirmed a clear reduction in inter-KT distance in dynein-
depleted cells compared to control cells (Figures 4B and 4C),
consistent with a role for dynein in the formation of stable KT-
MT attachments (Varma et al., 2008; Raaijmakers et al., 2013).
In addition, several unaligned chromosomes in dynein-depleted
cells stained positive for Mad2 (Figures 4D and 4E), known to
localize to unattached KTs. Strikingly, Eg5 inhibition in dynein-
depleted cells increased the average inter-KT distance and
reduced the number of Mad2-positive KTs (Figures 4D and
4E). This indicates that the rescue of chromosome alignment
defects when depletion of dynein is combined with inhibition
of Eg5 is a result of restoring normal tension on KTs and sub-
sequent stabilization of KT-MT attachments. While inhibition of
Eg5 alone was able to restore KT-MT attachments in dynein-
depleted cells, simultaneous inhibition of both Kif15 and Eg5
was unable to restore KT-MT attachments (Figures 4B–4E). It
should be noted that the strong decrease in inter-KT distance
and high number of Mad2-positive KTs in cells depleted for
Kif15 and Eg5 activity are due to the formation of monopolar
spindles. To determine if a normal force balance directly influ-
ences the dynamic properties of both spindle and KT-MTs, we
used photoactivatable GFP-a-tubulin and determined the loss
of fluorescence over time (Figures 4G and S4A–S4C). The
normalized fluorescence intensity plots were fit by a double
exponential curve where the fast-decaying fluorescence
corresponds to the highly dynamic non-KT-MTs and the slow-
decaying fluorescence corresponds to the more stable KT-MT
(Bakhoum et al., 2009). While the non-KT-MT turnover rates
were only slightly changed between the tested conditions (Fig-
ure S4C), we observed a significant lower stability of KT-MTs
in cells lacking dynein (Figure 4G). We could rescue the lower
KT-MT stability in dynein-depleted cells by inhibiting Eg5 activity
in these cells, hereby reducing outward force generation (Fig-
ure 4G). Strikingly, the rescue of KT-MT stability was dependent
on Kif15, since we observed no increase in KT-MT stability in the
morphologically normal bipolar spindles lacking dynein, Kif15,
and Eg5 activity (Figure 4G). Taken together, our results show
that bipolar spindles are maintained in the absence of inward
and outward forces but that these spindles are not functional
to form stable KT-MT attachments.
To test if Eg5 inhibition could also alleviate the mitotic delay
induced by dynein depletion, we analyzed the ability of control
cells and dynein-depleted cells to progress to anaphase in the
presence or absence of STLC. To bypass the requirement for
Eg5 in bipolar spindle formation and to prevent the formation
of monoastral bipolar spindles, we added STLC after cells had
formed a bipolar spindle. Control cells, Kif15-depleted cells,
and control cells treated with STLC all rapidly entered anaphase
(Figure 4F). In contrast, Kif15-depleted cells treated with STLC
collapsed into a monopolar spindle and arrested in mitosis for
a prolonged amount of time (Figure 4F). Dynein-depleted cells
showed a strong mitotic delay, consistent with an important
role for dynein in mitosis. However, the addition of STLC to
dynein-depleted cells reduced the time to enter anaphase with
almost 50% compared to dynein depletion alone (Figure 4F),
further demonstrating the importance of a correct force balance
in the spindle for KT-MT attachment and chromosome align-
ment. Interestingly, inhibiting both Eg5 and Kif15 in dynein-
depleted cells could not alleviate the mitotic delay (Figure 4F),consistent with the lack of stable KT-MT attachments in the
absence of all three motors. Together, these results show that
while an apparently normal bipolar spindle can be maintained
in the absence of Eg5, Kif15, and dynein, these spindles are in
fact highly defective and unable to sustain KT-MT attachments
or satisfy the spindle checkpoint.
DISCUSSION
To investigate the functional interaction between several force-
producing motors in mitosis, we inhibited inward and outward
force-generating motors and investigated the effect on spindle
bipolarity and chromosome segregation. Consistent with previ-
ous reports (Blangy et al., 1995; Mayer et al., 1999), we find
that inhibition of Eg5 from the start of mitosis results in monop-
olar spindles. Simultaneous depletion of dynein allows bipolar
spindle formation, and we now show that this is driven by
Kif15. In addition, we show that Eg5 and dynein directly oppose
each other and that the percentage of bipolar spindles in cells
lacking Kif15 activity is dependent on the ratio of Eg5 and dynein.
In the absence of both Eg5 and Kif15, centrosome separation is
completely blocked, independent of the presence or absence
of inward force generators. Interestingly, when Eg5, Kif15 and
dynein are simultaneously inhibited in preassembled bipolar
spindles, spindles remain bipolar. Thus, when the major inward
force producer dynein is absent, spindles remain bipolar, even
when there is no outward force present. Interestingly, loss of
dynein results in severe defects in spindle pole focusing, but
pole focusing is significantly improved upon inhibition of either
Kif15 or Eg5. This shows that excessive outward force is also
damaging to the spindle and results in spindle pole splaying,
indicating that the activity of antagonistic motors must be care-
fully balanced.
Besides Eg5, Kif15, and dynein, several other factors con-
tribute to force generation in the spindle. Many different motors
and MAPs contribute to proper bipolar spindle assembly. For
example, kinesins associated with chromosome arms can
generate an outward pushing force (Kwon et al., 2004; Dumont
and Mitchison, 2009), dynein at the cortex can provide a pulling
force on astral microtubules (Tanenbaum and Medema, 2010;
Laan et al., 2012), and a role for kinetochores was also found
in pushing centrosomes apart (Toso et al., 2009). Nonetheless,
we find that in the absence of Eg5 andKif15, none of these forces
are sufficient to allow bipolar spindle assembly, even when the
major minus-end-directed force generator dynein was removed.
Similarly, we were unable to find any condition that leads to
collapse of a metaphase spindle in the absence of dynein. Taken
together, this suggests that in mammalian cells, Eg5 and Kif15
are the main drivers of spindle bipolarity, while dynein is their
major antagonizer.
When all three motors are inhibited in preformed bipolar
spindles, spindles do not collapse. Nonetheless, cells delay in
mitosis with kinetochores that lack tension and stain positive
for Mad2. But why are KT-MT attachments defective in the
absence of the major inward and outward forces? In order to
maintain stable KT-MT attachments, tension has to be gener-
ated on sister KT pairs by MTs of the mitotic spindle (Liu et al.,
2009). Although attachments are formed in the absence ofCell Reports 8, 948–956, August 21, 2014 ª2014 The Authors 953
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Eg5, Kif15, and dynein, there is a clear reduction in KT-MT stabil-
ity, which may lead to less stable attachments, reduced inter-KT
distance and defects in chromosome alignment. Based on these
findings, we propose that a correct force balance is required to
establish sufficient tension on kinetochores to stabilize KT-MT
attachments.
While our data clearly show how the balance between in-
ward and outward forces acting on centrosomes contributes to
bipolar spindle assembly, they do not resolve the direct conse-
quences of this force balance onKT positioning and inter-KT ten-
sion. We assume that the reduced inter-KT tension that we
observe upon perturbation of the force balance is an indirect
consequence of destabilization of KT-MT attachments. The
exact molecular mechanism of how in- and outward forces on
spindle poles are translated to kinetochore positioning and ten-
sion will need further investigation.
In contrast to HSET, dynein, and Eg5, antiparallel MT sliding
has so far not been demonstrated for Kif15, so it remains to be
determined how Kif15 generates force in the spindle. A recent
study implied that Kif15 acts exclusively through K-fibers (Sturgill
and Ohi, 2013). However, cells depleted of Hec1, and thus lack-
ing K-fibers, do not readily collapse upon inhibition of Eg5 (Fig-
ures S1A, S4D, and S4E; Kollu et al., 2009), but codepletion of
both Hec1 and Kif15 does result in robust spindle collapse
upon Eg5 inhibition (Figures S4D and S4E), strongly arguing
that Kif15 can function independently of KT-MT fibers. Further-
more, it was suggested that Kif15 can only promote spindle
bipolarity when overexpressed (Sturgill and Ohi, 2013), but we
show here that in the absence of Eg5 and dynein, endogenous
Kif15 fully supports bipolar spindle assembly, further confirming
its role as a key player in spindle assembly.
Taken together, our results show that tight coordination of
three motors, namely Eg5, Kif15, and dynein, controls proper
spindle assembly, demonstrating the importance of a proper
force balance: (1) when excessive inward forces are present,
monopolar spindles are formed; and (2) when excessive outward
forces are present, spindle poles splay. Our results address an
important outstanding question: why are antagonistic motors
present if their removal results in morphologically normal bipolar
spindles? We show that in the absence of the major inward andFigure 4. A Correct Force Balance in the Spindle Is Required for Chrom
(A) Quantification of the chromosome alignment defects in U2OS cells. Cells were
blocked in thymidine 48 hr posttransfection. After 24 hr, cells were released fro
metaphase for 1 hr. Cells were then treated for 1 hr with either MG132 or MG132/4
using DAPI. Note that chromosome alignment defects were not scored in cells la
(B) Analysis of inter-KT tension. U2OS cells were treated as in (A). Nocodazole-
CREST and a-tubulin. DNAwas stained using DAPI. The distance between CREST
(C) Representative images from the cells in (B). Inlays are enlargements of indivi
(D) Quantification of Mad2 positive KTs. U2OSwere transfected with the indicated
DNA was stained using DAPI. The average number of Mad2-positive KTs was q
(E) Representative images from the cells in (D). Inlays are enlargements of individ
(F) Live analysis of mitotic progression. U2OS cells were treated as in (A) without M
metaphase cells were included in the quantification. Images where acquired eve
(G) Calculated KT-MT half-life of U2OS cells treated as indicated. See Figure S4
Results from (A), (B), (D), (F), and (G) are averages of at least three different experim
SE. Scale bar in (C) and (E) represents 10 mm.
(H) Summary of the results obtained in this study. 1, 2, and 3 indicate spindle fat
bipolar spindles.outward force-producing motors, spindles may superficially
appear normal, but they are incapable of forming correct KT-
MT attachments and chromosome segregation. Together, these
results provide insights into to the intricate force balance that
controls robust bipolar spindle assembly and ensures faithful
chromosome segregation.
EXPERIMENTAL PROCEDURES
Transfections, Drug Treatment, Immunofluorescence, and
Time-Lapse Microscopy
U2OS cells were transfected twice with the indicated siRNAs to a final concen-
tration of 20 nM. In experiments using double siRNA treatment, the indicated
siRNAswere diluted 1:1 to a final concentration of 20 nM. Cells were blocked in
thymidine 48 posttransfection. After 24 hr, cells were released from the thymi-
dine block and treated as indicated, followed by live-cell imaging, fixation, or
lysis. STLC was diluted in DMSO and used with the indicated concentrations.
For MG132/STLC treatment, a final concentration of 40 mM STLC was used.
MG132 and nocodazole were dissolved in DMSO and used with a final con-
centration of 5 mM and 250 ng/ml, respectively. (Live-cell) images were ac-
quired using a Deltavision deconvolution microscope (Applied Precision).
See Supplemental Experimental Procedures for a detailed description.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
four figures, and four movies and can be found with this article online at
http://dx.doi.org/10.1016/j.celrep.2014.07.015.
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